The estimation of geophysical parameters from SAR data necessitates well calibrated sensors with good radiometric precision. In this paper, the radiometric calibration of ASAR/ENVISAT sensor was assessed by comparing ASAR data with ERS-2 and RADARSAT-1 SAR data. With regard to recent data, acquired at the end of 2005, the difference varies from -0.72dB to +0.72dB, with temporal variations that can reach 1.1dB. As for older data, acquired in 2003 and 2004, we observe a sharp decrease in the radar signal in the range direction, which can attain 3.5dB. The use of revised calibration constants provided recently by ESA (European Space Agency) significantly improves the results of the radiometric calibration, where the difference between ASAR and other SARs will be lower than 0.5dB.
INTRODUCTION
Good absolute calibration of the SAR data is necessary in order to correctly tie in the radar signal with the geophysical parameters, since signal inversion procedures require precise and radiometrically well calibrated data. Moreover, it is necessary that all of the SAR sensors operating with the same instrumental parameters (wavelength, polarization and incidence) give approximatively, for a same target, the same backscattering coefficient (depending on the accuracy of the sensor) in order to ensure consistency between the different databases. It is for this reason that the absolute and relative radiometric precision of SAR data is of major importance in radar signal inversion processes. For numerous applications, even a modest error of the radar signal could have a harmful influence on the estimation of geophysical parameters. For example, an error on the radar signal of one decibel would lead to an inaccuracy in the estimation of the soil humidity of around 5% [1] .
The main objective of this study was to assess the radiometric quality of the new European ENVISAT ASAR sensor (launched on March 1, 2002 ) by comparing the calibrated ASAR signal with that from the different SAR sensors currently available and operating in C-band (ERS-2 and RADARSAT-1). Some of the images used were acquired simultaneously by the three sensors, with the same instrumental parameters (incidence and polarization), which should facilitate an inter-comparison of the three SAR sensors.
DATA BASE DESCRIPTION 2.1. Study sites
The SAR data used in this study were acquired between 23 September 2003 and 15 December 2005 over two study sites by the three sensors that are currently operational ASAR, ERS-2, and RADARSAT-1. The first site is located in Villamblain, southwest of Paris, France (latitude 48°N, longitude 1.5°E). The second is located near Toulouse in the Bassin du Touch (Touch River catchment basin) in the south of France (latitude 43.5°N, longitude 1°E). The study sites consist mainly of agricultural land. They include agricultural fields and forest stands. The agricultural fields are composed mainly of bare soils and wheat fields. The forest stands are composed mainly of deciduous trees with oak and a few pine trees. They are relatively dense, with trees 10 to 15m high.
SAR data
This study is based on 19 ASAR images, 7 ERS-2 images and 3 RADARSAT-1 images. The characteristics of the SAR images are given in Table 1 . This data base, used to evaluate the accuracy of the radiometric calibration of the ASAR sensor, is composed of images collected at several incidences and for all polarizations.
Absolute calibration of ERS-2, RADARSAT-1 and ASAR images was carried out using algorithms developed by the European and Canadian space agencies [2, 3, 4] . This radiometric calibration of SAR images enables the radar signal (a digital number) to be transformed into a backscattering coefficient (σ°). All images were then georeferenced using topographic maps with a root mean square error of the control points of about 2 pixels. Several forest stands (between 10 and 20) were chosen as training sites on the basis of GPS points and optical images (SPOT, ASTER and CHRIS-PROBA). They are relatively homogeneous, from 500 to 1000 pixels, and have a low local topography (generally flat). The training sites are assumed to have the same physical characteristics (same tree species, comparable height and density, etc.). The choice of forest stands was made since the absolute radiometric calibration of SAR sensors and the evaluation of their quality is often assessed using the Amazon rain forest and transponders [5, 6, 7, 8] . Nevertheless, the characteristics of our forests vary with the seasons (presence/absence of leaves, etc.), whereas those of the Amazonian forest are stable over time. Moreover, they are less dense. The forest stand training sites were selected to cover the whole range of incidence angles within one image. The mean backscattering coefficient (σ o ) was calculated for each training site by averaging the linear intensity values within each site. This value was then transformed into decibels (σ°d B =10log 10 [σ°l inear ]). In order to facilitate the interpretation of the results on the radiometric quality of ASAR data, we initially favoured a comparison between the ASAR signal and that of ERS-2 and RADARSAT-1 for data acquired under the same instrumental configurations (incidence and polarization) and on the same date (with an interval of less than one hour). This inter-comparison of different SAR sensors makes it possible to tie in any difference in the signal with a possible problem of calibration of the SAR systems. For a comparison between the data acquired at a slightly different time interval (with the forest remaining unchanged), we analysed the meteorological conditions and the ground measurements of soil humidity in order to ensure that they were stable throughout the acquisition of the different images. For the images acquired at slightly different incidences, we normalised the radar signal by the angular dependence of the radar signal. This relation between the signal and the incidence angle will be established from our forest stand training sites. Finally, we analysed the remainder of the ASAR data base (essentially 2003-2004 ) in order to enrich and delve deeper into our results. This data analysis will give an indication on the radiometric quality of ASAR data and its stability over time.
Site

Data acquired under the same instrumental parameters and on the same date
A comparison between the ERS image and that of ASAR in VV polarization of the 15 December 2005 shows that the ASAR signal is systematically weaker by around 0.48dB (Fig. 1a) . On the image of the 10 November 2005, we observe the opposite behaviour, with the ASAR signal stronger than that of ERS by around 0.37dB (Fig.  1a) . These offsets between two SARs cannot be attributed either to the temporal change in the backscatter (forest characteristics unchanged) or to differences in the instrumental parameters of the sensors (wavelength, incidence and polarization) but to an SAR processor instability. The mean backscattering coefficient calculated over all the training sites (forest stands) for the images of the 10 November and the 15 December show a signal that is relatively constant for ERS, whereas that of ASAR varies by around 1dB between the two dates (from -7.0 and -7.2 dB for ERS and from -6.7dB to -7.7dB for ASAR). A comparison between the ERS and ASAR images acquired on the Bassin du Touch on the 3 October and the 7 November 2005 shows that ASAR of the 7 November overestimates the backscattering coefficient by around 0.72dB (Fig. 1b) and underestimates it for the 3 October by around 0.43dB (Fig. 1b) . For these two dates, we also observe a constant signal between the two dates for ERS (from -7.4 to -7.3dB) and a strong variation for ASAR (from -7.8 to -6.5dB, i.e. a range of 1.3dB).
(∆θ=0°) On analysing the first ASAR data obtained a few months after the first phase of calibrating/validating the sensor (end 2003), we frequently observe an error on the radar signal with the range direction. For the date of the 3 November 2003, for which ASAR and ERS data are available, we observe firstly a relatively constant signal for ERS, with a mean backscattering coefficient of around -7.7dB (±0.3dB), and secondly a decrease in the ASAR signal from -7.5dB for the near range (21.2°) to around -9.0dB for the far range (25.6°) (Fig. 2a) . Consequently, the difference between ASAR and ERS tends to increase with the range direction (difference from 0dB at the near range to -1.5dB at the far range). We observe this same problem on the images of the 15 October 2003, with a constant signal for ERS in the range direction and a strong decrease for ASAR of around 2dB in HV and 3.5dB in HH (Fig. 2b) . , after having verified that no significant changes were noted in the environmental conditions between compared acquisitions. Meteorological conditions were stable and the soil and forest characteristics remained unchanged (no rainfall). Given that the ASAR incidence angle is from 3.3° to 6.8° lower than that of RADARSAT, it is therefore necessary to bring back the incidence of the images to a same reference value. The radar signal is thus normalised by its dependence on the incidence angle. Unlike the Amazon rain forest where the backscattering coefficient is nearly the same over time (the characteristics do not change), that of our forest (deciduous trees) changes with the seasons (change in foliage, etc.), and sometimes even following significant meteorological variations (rain/humidity). Consequently, it is necessary to compare on our study sites the radar signal of forest stands only on radar images acquired on the same date or on dates very close in time with little change in the environmental conditions. In C-band, the radar signal on mature deciduous trees is little dependent on the soil characteristics whereas the leaves constitute the major source of backscattering [9, 10, 11] .
Data acquired at slightly different incidences
In linear units, the radar backscattering coefficient σ° is related to the incidence angle θ by the relation σ° = αcos β θ [10, 12, 13] . The coefficient β is related to the target backscattering properties and α, depending on the dominant scattering mechanism and sensor condition. This relation is expressed in decibels as σ°(dB)=A+βX, where X=10log 10 [cos(θ)] and A=10log 10 α. A value of β=1 is usually adopted for the Amazon rain forest, which assumes that γ=σ°/cosθ is constant as a function of the incidence. In general, the angular dependence of the radar signal is lower for the forest than for bare soils. For bare soils, it decreases when the surface roughness increases and is higher in HH polarization than in VV polarization [14] . Figure 3 shows the angular dependence established using the RADARSAT (HH) images uniquely. Indeed, the ASAR images were not used in the extraction of the angular dependence due to the problems observed in the course of our initial comparison between ASAR and ERS. This Figure shows that the scattering behaviour changes with incidence angle, so the comparison between SAR data must be restricted to data with similar incidence angles. The sensitivity of radar signal to incidence angle (θ) at C-HH is around 0.08dB/°, i.e. 0.4dB for 5° of incidence. After normalization by θ, the comparison between the ASAR images and those of The ASAR data of Villamblain obtained in the evening of April 10 2004 can be compared with the ERS-2 data acquired on the morning of the same date (VV polarization), since the weather conditions were stable on that day (no rainfall). An average difference of around -0.85dB is observed between ASAR and ERS (cf. Table  2 ). This value is partially due to the difference in the incidence angle between ASAR and ERS (approximately +3.3°). However, the high level of this difference leads one to assume that the ASAR signal would remain weaker than that of ERS-2 once the signals have been normalised (by around 0.6dB if one applies the same angular dependence in VV as in HH). We also observe a slight decrease in the ASAR signal with range direction of around 1.5dB for θ values between 26° and 29° (Figs. 4a and 4b). This decrease is not linked to the physical parameters of the environment or to the instrumental parameters of the sensor since it is not observed on the ERS-2 image of the same date (10 April 2004). 
Analysis of remaining ASAR data base
Finally, we analysed the rest of our ASAR database in order to obtain complementary information on the radiometric quality of ASAR data of 2003 and 2004. As shown in Figure 4 , the backscattering coefficients from the ASAR show a gradual decrease in backscatter with range direction (incidence angle). This decrease ranges from 1.5dB to 3.5dB, depending on the dates (Figs. 4a,  4b ). This behaviour is not observed on the ERS images of the same dates (Fig. 4c) However, for a same date, the ERS signal is the same within 0.3dB throughout the range of incidence angles (Fig. 4c ).
In conclusion, the results indicate that the quality of ASAR images shows higher uncertainties than that of ERS-2 and RADARSAT-1. The strong decrease in the ASAR signal with the range direction, observed essentially on 2003 and 2004 data, is due to the SAR antenna gain, which decreases rapidly with incidence angle within one image.
A major maintenance activity was performed in September 2005 on the ASAR antenna modules (Rosich et al., 2006) . This explain the behaviour change of the received backscatter level with ranges, from the decrease seen in Figs 2 and 4 , to the fairly constant plateaus of 
RECENT IMPROVEMENTS
To improve the radiometric quality of ENVISAT ASAR data, a radiometric re-calibration was performed in December 2006 and January 2007 by the ESA. New calibration constants were generated [16] . These new calibration constants apply to all products acquired since the start of the ENVISAT ASAR mission in 2002. The new calibration constants differ from the previous values from 0.0 dB to 1.5dB dependant on the product type, swath and polarisation. The introduction of the new calibration constants significantly improves the radiometric calibration of ASAR images, where the difference between ASAR and other SARs will be lower than 0.5dB.
CONCLUSIONS
The inversion of radar images to estimate geophysical parameters requires, in addition to a high sensitivity of the radar signal with respect to the studied parameters, the use of well-calibrated backscattering data. This paper presents the results of a study on the radiometric quality of the new ASAR-ENVISAT sensor. Compared to the other SAR sensors currently available in C-band (ERS-2 and RADARSAT-1), the ASAR sensor was assessed on several forest stands and 29 SAR images. Consequently, it is necessary to perform a re-calibration of ASAR images to obtain well-calibrated ASAR data, essential to the estimation of geophysical parameters. This re-calibration is now possible thanks to the new calibration constants provided by the ESA. 
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